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In this thesis, a modified stripline parallel-coupled filter with improved upper 
stopband rejection slope using the design equations for coupling sections of arbitrary 
length is proposed. The proposed design is verified using a set of experimental filters 
that were designed, implemented and measured. For the 5 GHz filters implemented, 
the new design was able to provide up to 23 dB more rejection at +1 GHz offset from 
the centre frequency. 
 
A packaging method to allow the stripline filter proposed to be readily integrated onto 
hybrid microwave integrated circuits as a surface mounted device is also discussed. 
Finally, a yield analysis showed that based on commercial printed circuit fabrication 
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Chapter 1 Introduction 
 
This chapter provides a quick review of microwave filters and some of the challenges 
in microwave filter design. Contents of this thesis and its contributions will then be 
highlighted 
 
1.1 Microwave Filters 
 
Microwaves refer to electromagnetic waves whose frequency falls between 300 MHz 
and 300 GHz. Filters play an important role in microwave applications where they are 
use to select signals within a desired frequency band. This is a fundamental operation 
in most microwave systems as the electromagnetic (EM) spectrum is limited and has 
to be shared across users and applications. 
 
1.2 Microwave Filter Design Challenges and Motivation for Thesis 
 
Advancements in microwave applications such as wireless communications, medical 
and navigation systems put stringent demands on microwave filters. They are required 
to be high performance, compact and low cost. With such considerations, filter 
designers are required to exploit development in material science, employ novel filter 
structures and leverage on manufacturing capability. 
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Over the years, authors have derived designs to improve the performance of bandpass 
filters. For example, in  [1], a narrowband stepped impedance resonator parallel-
coupled bandpass filter was demonstrated. In that design, the use of stepped 
impedance resonators results in a filter that has non-harmonic related spurious.  [2] and 
 [3] also make use of stepped impedance resonators with the aim of extending the 
spurious free region of the filter stopband. Over-coupled end stages were used in  [4] 
to increase image frequency so as to suppress the first harmonic of the filter.  
 
Multiple coupled lines and multi-mode resonators were used in  [5] to design 
wideband filters with fractional bandwidth in excess of 100%. More recently, defected 
ground structures have also been used in the design of wideband filters  [6]. 
 
In  [7], the parallel-coupled filter structure was modified with offset (misaligned) 
coupling gaps between every other resonator. The modified structure was able to 
improve the filter’s upper stopband rejection by more than 15 dB compared to the 
conventional design. However, the design of filters using this structure requires 
closed-form equations for the coupling gaps and equations for the conventional 
parallel-coupled filters can no longer be used. In  [8], compact, high Q and low loss 
ring resonators have been used to design miniaturised bandpass filters which have 
sharp rejection bands. However, the geometry of the resonators made it difficult to 
cascade more than 2 resonators to form filters of higher orders. 
 
The inadequacies in existing methods mentioned in the previous paragraph to improve 
rejection of bandpass filters gives motivation for the work presented in this thesis. A 
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method, backed by design equations and easily extended to filters of large orders, 
shall be developed, verified and presented. 
 
1.3 Organization of Thesis 
 
After providing a brief introduction to microwave filters and motivation for this thesis 
in  Chapter 1, the design equations and procedure for conventional parallel-coupled 
bandpass filters are presented in  Chapter 2. The design equations for λ/4 coupled 
stripline sections are reviewed and extended to apply for arbitrary coupling angels. 
 
In  Chapter 3, a modified implementation of the traditional parallel-coupled filter is 
presented. This filter has an enhanced rejection slope compared to the conventional 
design. Design equations and measured results of a set of experimental filters will be 
presented. The application of such filters with improved rejection slope is also 
discussed.  
 
It is often challenging to integrate stripline components on hybrid microwave 
integrated circuits. In  Chapter 4, a method of packaging stripline filters so that they 
may be integrated with hybrid MICs as a surface mounted device will be discussed. 
Also a yield analysis of the filter to manufacturing tolerances will be performed. 
 






The contributions of this thesis are summarized as follows: 
 Review of the design procedure for parallel-coupled filters 
 Design equations relating coupled stripline sections to unit cells comprising two 
transmission lines with an admittance inverter in between 
 Design of a modified parallel-coupled filter with improved rejection slope 
 A method to package stripline components as surface mounted device 
 
Based on the work presented in this thesis, the following letter has been published: 
Johnson Soh, Siou Teck Chew, and Ban-Leong Ooi, “Parallel –coupled filter with 
improved rejection slope using δ-offset length,” Microwave and Optical Technology 
Letters, vol. 50, no. 3, 2008, pp. 680-683. 
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Chapter 2 Parallel–Coupled Filters and 
Coupled Stripline Sections 
 
The design procedure of conventional parallel-coupled bandpass filters would be 
reviewed in this chapter. The design formulas for λ/4 coupled stripline sections will 
also be examined and they will be extended to cover coupled line sections with 
arbitrary lengths. 
 
2.1 Review of Conventional Parallel-coupled Filters 
 
Parallel-coupled bandpass filters were first developed in  [9] and implemented using a 
stripline structure. The general structure of such a filter is shown in Figure  2.1  [9]. It 
is characterized by stripline resonators which are λ/2 long, with the adjacent 
resonators positioned parallel to one another and with coupling sections that are λ/4 
long. Parallel-coupled filters have relatively large coupling for a given spacing 









































Figure  2.2. Equivalent circuit diagram of a parallel-coupled filter 
 
The canonical form of the filter is shown in Figure  2.2. Here, each λ/4 coupled section 
is simplified as a unit comprising two λ/4 transmission lines with a 90̊ admittance 
inverter in between. The admittance inverter has a characteristic admittance of iJ . 
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where ggg ..., 10  are the elements of a ladder type lowpass prototype with a 
normalised cutoff 1=Ωc  and FBW  is the fractional bandwidth of the bandpass filter. 
ijJ  are the characteristic admittance of the J-inverters while 0Y  is the characteristic 







pp −= , where 0f  denotes the filter centre frequency and 1pf  and 2pf  
denotes the lower and upper cut-off frequencies.  
 
Equations (2.1) through (2.3) are derived by first finding the relation between coupled 
sections and the unit cell shown in Figure  2.2. Next, the ABCD matrix of the cascaded 
cells is found and equated to that of a lowpass prototype filter to arrive at the design 
equations. This derivation may be found in  [15]. 
 
The procedure for designing parallel-coupled filters may be summarized into the 
following steps: 
 
1. Select the desired response function. This may be the Butterworth, Chebyshev or 
Elliptic functions amongst others. 
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2. Determine the order of the filter. The required order for the filter depends on the 
desired attenuation in the stopband. Attenuation versus normalized frequency 
graphs for the various filter functions such as those in  [12] may be consulted to 
determine the required order.  
 

















sπ , whichever is smaller. 1pf  and 2pf denotes the lower and upper 
passband frequency respectively while 1sf  and 2sf denotes the frequency on either 
side of the passband for which the filter rejection is defined  
 
3. Compute the element values, ggg ..., 10  of the lowpass prototype. This is based on 
the filter transfer function for the response type chosen in Step1 and the order of 
the filter required. The element values for the lowpass prototype filter for the 
common filter transfer functions have been tabulated in books such as  [12] and 
 [13] for ease of reference. One may look up the required lowpass prototype 
element values for a filter of a given order quickly. 
 
4. Calculate the characteristic admittance, ijJ  of the J-inverters using equations (2.1) 
through (2.3) and the lowpass prototype element values found in Step 3. 
 
5. In parallel-coupled filters, the J -inverters are realized by the coupled sections of 
the line resonators. The characteristic admittance of the J -inverters determines 





















































Z o          (2.5) 
 
where J  represents the required J -inverter characteristic admittance of each 
section. 
 
The even and odd impedances of the coupled line resonators are calculated using 
(2.4) and (2.5).  
 
6. Knowing the required even and odd impedances for each coupled section of the 
filter, their physical dimensions are calculated using formulas in  [12] [13] and  [13]. 
The type of substrate and its thickness for implementing the filter must be 
considered at this point. 
 
7. The resonators in parallel-coupled filters are λ/2 in electrical length. However, due 
to fringing capacitance at each end of the resonators their physical length need to 
be reduced by an offset length, d . d  is calculated for arbitrary conductor to 
dielectric thickness using formulas presented in  [11]. For thin strips (i.e. small 
conductor to dielectric thickness ratio), Cohn  [11] has found that a constant 
correction of bd 165.0=  is satisfactory. b  denotes the ground to ground spacing 
of the stripline. 
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8. The physical layout of the filter like that shown in Figure  2.3  [9] is constructed 
and simulated using an EM solver like Agilent Momentum. Fine-tuning of the 
filter dimensions may be required depending on the EM simulated filter response. 
 
 
Figure  2.3. Final layout of parallel-coupled filter with offset for end capacitance 
 
2.2 λ/4 Coupled Stripline Sections 
 
The coupling sections in conventional parallel-coupled filters are λ/4 long. In this 
section, it is further elaborated how the λ/4 coupling sections form the unit cells 
shown in Figure  2.2 and thus the simplified equivalent circuit shown. The derivation 
of equations (2.4) and (2.5) will also be shown. 
 
To arrive at the equivalent circuit of the parallel-coupled filter, we need to show that 
the distributed coupled section shown in Figure  2.4 is equivalent to the circuit shown 
in Figure  2.5, comprising two sections of transmission lines with an admittance (J) 
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inverter in between. The relation between the even and odd impedances of the 
coupling section to the characteristic admittance of the J-inverter must also be found. 
 
 




Figure  2.5. Equivalent circuit of coupling section using J-inverter 
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==        (2.7) 
 
The ABCD matrix of the equivalent circuit is computed from the ABCD matrix for 
transmission lines and by treating the J-inverter as a λ/4 length of transmission line 
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For λ/4 coupled section, 
2
π
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Z o  
 
which are equations (2.4) and (2.5). With these equations, a relation is found between 
the characteristic admittance of the J-inverters and the even/odd impedances of the 
coupled section and we may draw on this to simplify the circuit as mentioned in 
Section  2.1. 
 
These equations show that when 2 adjacent coupled sections are combined, an 
equivalent circuit with a λ/2 line resonator in between 2 J-inverters is formed. The λ/2 
line forms a shunt LC resonant circuit and allows us to further simplify the equivalent 
circuit to that of a bandpass filter. 
 
2.3 Stripline with Arbitrary Coupling Sections 
 
The proposed filter in  Chapter 3 makes use of λ/2 resonators with arbitrary coupling 
sections. Hence, equations (2.4) and (2.5) may no longer be used to work out the even 
and odd impedances of the coupled sections. In this section, we relook at the ABCD 
matrices of the coupled section and its equivalent circuit and derive the general 
equations for arbitrary coupling angles. 
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Without simplification, 
[ ] [ ]equidistr MM =  
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=      (2.18) 
 
Equations (2.17) and (2.18) are the design equations relating the characteristic 
admittance of the J-inverter to the even and odd impedance of an arbitrary length of 





θ =c  for the case of λ/4 coupled section, we arrive back at (2.4) and (2.5). 
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Chapter 3 Parallel –Coupled Filter with 
Improved Rejection Slope 
 
In this chapter, the design, implementation and measured results of a modified 




Since parallel-coupled filters were first developed in  [9], it has remained a popular 
design and is used in a wide range of due to its ease of design and implementation. 
Several works have been done to improve the design of this filter.  
 
In this chapter, a new modified parallel-coupled stripline filter as shown in Figure 
 3.1(a) is proposed. Each pair of coupled sections has one section lengthened by an 
offset δ, while the adjacent section is shortened by the same amount. By offsetting 
each section by the same amount δ as described before, the transmission line between 
each J-inverter is preserved as a λ/2 transmission line resonator. The equivalent circuit 
of this filter is shown in Figure  3.1(b). Due to the perturbation of the coupled section 
length, the transmission zero between the fundamental and 1st harmonic can be 
shifted and controlled by the amount of δ offset. Such filter has the potential to offer 





(a) Circuit diagram of proposed filter 
 
 
(b) Equivilent circuit of filter 
Figure  3.1 Modified parallel-coupled filter with δ offset 
 
The design procedure of this modified filter will be presented in the following 
sections. A set of 5 GHz bandpass filter will be designed and tested to validate the 
concept. Simulated and measured results will be compared and presented.  
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3.2 Effects of δ-Offset 
 
Before we discuss the design procedure of the proposed filter, it is necessary to 
understand how the δ offset in the length of the coupled section results in shifting the 
transmission zero towards the centre frequency and results in a filter with a steeper 
rejection slope on the upper stopband. 
 







ZZ i −=  






00 coecoe ZZecZZ θθ +−−=     (3.1) 
 
From (3.1), a transmission zero occurs when o180×= nCθ . For the conventional 
parallel-coupled filter with λ/4 long coupled sections, o90=Cθ  and the transmission 
zero occurs at 02...,04,02,0 nfff  etc. For the modified filter, the coupled sections are 
no longer 90° and the transmission zeros are controlled by the δ+o90  and δ−o90  
sections. The δ+o90  sections result in transmission zeros at a frequency lower than 
the 90̊ ones in the conventional filter due to longer electrical length and are 
responsible for shifting the transmission zeros downwards. 
 
For the modified filter, the transmission zeros occur at the frequency for which the 
physical lengths of the δ+o90  sections correspond to a half-wavelength. That is 
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( ) ( ) 10 18090 ff LL oo =+δ , where 1f  is the frequency at which the transmission zero 
occurs. 
 
For example, for a 5 GHz filter where o30=δ : 
( ) ( )


















































Otherwise, GHzf 101 =  for 
o0=δ  in the conventional parallel-coupled filter. This 
explains for the steeper upper-stopband rejection slope attained for larger values of δ 
as the transmission zero shifts down towards the centre frequency. 
 
The Momentum simulation shown in Figure  3.2 is performed to characterise the λ/2 
resonator with various δ offsets. The EM simulation results are shown in Figure  3.3. 
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As seen, the transmission zero for the λ/2 resonator shifts downwards as δ increases. 
Also, Q of the resonator increases as δ increases. 
 
 
Figure  3.2 λ/2 resonator simulation setup 
 
 
Figure  3.3 EM result of coupled sections with varying δ offset. 
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To achieve the steepest filter rejection, δ is set to the largest possible value. 
Theoretically, the maximum value of δ can be found by equating the denominator of 
(2.17) or (2.18) to zero and solving the equation for Cθ  since 
o90−= Cθδ  This is 
because the even and odd impedances must be positive. 
 
However, this will almost certainly result in coupled section with very high 
characteristic impedances which are not realizable in practice due to the small 
physical dimensions required. 
 
Hence, to achieve the steepest rejection slope for a given design the largest value of δ 
is chosen for which the physical dimensions of the coupled sections can be realized in 
the chosen fabrication technique. 
 
3.3 Design Procedure 
 
The design procedure presented for the proposed filter is similar to that presented in 
 Chapter 2 for the conventional parallel-coupled filter. The only difference is between 
that of equations used when calculating the parameters of the coupled section from the 
required J-inverter characteristic admittance. The required equations have been 
reviewed in Section  2.3. 
 
It must be noted that in order to preserve the half-wavelength resonators in the 
parallel-couple filter, this design may only be applied to filters with even orders. 
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The design procedure will be illustrated in the following section.  
 
3.4 Design of Experimental Filter 
 
To verify the improved rejection slope that may be achieve with the proposed filter, a 
set of three stripline filters with zero offset, δ=30° offset and δ=50° offset is 
constructed and tested. 
 
The filters will be designed with the specifications shown in the following table. 
 
Table  3.1. Experimental filter specifications 
Filter transfer function Chebyshev 
Ripple 0.01 
Centre frequency, 0f  5.0 GHz 
Bandwidth 500 MHz (FBW=10%) 
Rejection Min. 30dBc @ GHzf 10±  
 
From the attenuation versus normalised frequency chart  [12], a 4
th
 order filter will be 
required. A PTFE substrate (Taconic TLT-9  [18]) of 186 mil (4.72 mm) thickness and 
relative dielectric constant, Er of 2.5 is chosen. Since the stripline will be 
implemented by clamping two 93 mil substrates together, the thick substrate will 
result in lower percentage error in the final substrate thickness and more importantly, 
provide mechanical strength when fastening screws are inserted. The conductor is 
etched on the inner side of one of the mating substrates. 
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Hence, the stripline parameters are: 
Ground to ground spacing, b = 186 mil 




The element values for a 4
th
 order Chebyshev filter with 0.01 dB ripple are: 
g1 = 0.7129 
g2 = 1.2004 
g3 = 1.3213 
g4 = 0.6476 
g5 = 1.1008 
 
Applying equations (2.1) through (2.3), the calculated J-Inverter values for the filters 
are tabulated in Table  3.2. The corresponding even and odd mode impedances for the 
filters with various δ are calculated using (2.4) and (2.5) and are shown in Table  3.3. 
In these calculations, Ω= 500Z . 
 
Table  3.2 J-Inverter values for 4th order filter 
01J  0.009388 
12J  0.003396 
23J  0.002494 
34J  0.003396 
45J  0.009388 
 
Table  3.3Even and odd mode impedances for experimental filter with various δ 
δ Z01e= Z45e Z01o= Z45o Z12e= Z34e Z12o= Z34o Z3e Z3o 
0̊ 84.49 Ω 37.55 Ω 59.93 Ω 42.95 Ω 57.01 Ω 44.54 Ω 
30̊ 91.29 Ω 36.89 Ω 61.19 Ω 42.34 Ω 57.85 Ω 44.05 Ω 
50̊ 141.95 Ω 35.66 Ω 67.41 Ω 39.87 Ω 61.84 Ω 42.00 Ω 
 
The physical dimensions of the coupled striplines to implement the above calculated 
even and odd mode impedances may be found using formulas in  [12] and  [13]. For 
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the purpose of this thesis, a transmission line calculator LineCalc by Agilent is used. 
A screenshot of the application is shown in Figure  3.4. 
 
 
Figure  3.4. Agilent LineCalc for calculating coupled line dimensions 
 
At this point, it is also required to calculate the length offset, d, required to 
compensate for the fringing capacitance at the ends of the open circuited lines. The 
methods described in  [1] and  [13] using equations may be employed to determine d.  
 
In  [9], Cohn has found that for very thin strips (i.e. small t/b) d=0.165b gives 
satisfactory results. In our experimental filters, the t/b ratio is small at 0.0037 and 
using Cohn’s approximation, d=30.7 mils. 
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With the above described method, the physical dimensions of the filters with various 
delta offset are calculated. No further tuning was performed so that the final filter is as 
per the design equations presented. 
 
The width (W), line spacing (s), length (L) and length offset (d) of the various coupled 
line sections for the filters are shown in Table  3.4. 
 
Table  3.4 Physical dimension of experimental filters with various δ 
 0100 ),( eo ZZ  1200 ),( eo ZZ  2300 ),( eo ZZ  3400 ),( eo ZZ  4500 ),( eo ZZ  
W 88.2 126.9 131.6 126.9 88.2 
s 7.8 36.4 49.0 36.4 7.8 
L 373.2 373.2 373.2 373.2 373.2 
d 30.7 30.7 30.7 30.7 30.7 
(a) δ=0̊ 
 0100 ),( eo ZZ  1200 ),( eo ZZ  2300 ),( eo ZZ  3400 ),( eo ZZ  4500 ),( eo ZZ  
W 71.8 123.6 129.6 123.6 71.8 
s 5.4 29.9 43.7 29.9 5.4 
L 497.7 248.8 497.7 248.8 497.7 
d 30.7 30.7 30.7 30.7 30.7 
(b) δ=30̊ 
 0100 ),( eo ZZ  1200 ),( eo ZZ  2300 ),( eo ZZ  3400 ),( eo ZZ  4500 ),( eo ZZ  
W 34.9 113.6 123.7 113.6 34.9 
s 2.5 18.1 29.7 18.1 2.5 
L 580.6 165.9 580.6 165.9 580.6 
d 30.7 30.7 30.7 30.7 30.7 
(c) δ=50̊ 
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The schematic of the 4
th
 order filter is drawn up in ADS and is as shown in Figure  3.5. 
A circuit simulation of the layout is performed to verify the frequency response of the 
bandpass filter. As shown in Figure  3.6, a frequency shift of approximately 1 GHz 
downwards is observed. This is due to the end-capacitance of the open circuited lines 
which are not modelled in the ADS circuit elements. EM simulation is required to 
verify the actual filter response. 
 
From their schematic, the layout of the filters is generated in Agilent Momentum. 
Ports are added to the layout for EM simulation. The layout of the filters are also 
rotated such that the input and output ports are in a straight line. Waveguides are also 
added at the top and bottom of the circuit to limit the boundaries. The layouts for the 3 








































































































Figure  3.7 Momentum layout of experimental filters 
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(a) Dielectric settings 
 
 
(b) Conductor settings 
 
Figure  3.8 Dielectric and conductor setting for Momentum simulation 
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(a) Mesh setting 
 
 
(a) Frequency setting 
 
Figure  3.9 Momentum simulation setting 
 
With the settings shown in Figure  3.8 and Figure  3.9 the filters are EM simulated in 
Momentum. The EM simulated results are shown in Figure  3.10. In general, the filters 
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have a frequency bandwidth of 12% and an insertion loss of 0.9 dB in the passband. 
Rejection at 1 GHz offset is greater than the 30 dB specified. The EM simulation 
results show that the filters meet the required specifications. It can be seen that as δ 
increases, the rejection slope of the filter at the upper frequency stopband improves. It 
is also seen here that the centre frequencies of the filters satisfy the intended design, 
















































































































3.5 Experiment Results 
 
The filters designed in the preceding section are fabricated using a wet etch 
fabrication technique. The centre conductor of the stripline is etched onto one half of 
the substrate as shown in Figure  3.11(a) while the facing side of the half of the 
substrate is strip of all metallization. Holes are then drilled along the top and bottom 
edges of the 2 substrates and the stripline filter is completed by fastening the 2 sides 
together as shown in Figure  3.11(b). Figure  3.11(c) shows the three completed 
experimental filters. 
 
The experimental filters are measured using an Agilent 8363B PNA network analyser 
and the results are shown in Figure  3.12. 
 
From Figure  3.13, the measured filter responses agreed well with those simulated. The 
fractional bandwidth of the filter is 10% as compared to 12% in simulation results. 
The centre frequency shifted by 60 MHz downwards as compared to that simulated 
and the measured insertion loss is 1 dB. Some spurious response is seen around 7.2 
GHz and this is a result of the imperfect implementation of the stripline circuit – a 
small air gap exist in the immediate vicinity of the printed conductors as no bonding 
film was used. To meet the exact specifications, the filters may be redesigned to cater 
for the offset in centre frequency and bandwidth. Also, having the stripline filters 
fabricated using a commercial “press and bond” process, where the substrates are 
bonded with a bonding film, will eliminate any air pockets within. The bonding film, 
a dielectric material often made of thermal plastic, will soften and fill up all gaps 
between the 2 substrates during the “press and bond” process.  
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The filter rejection for the different values of δ at 1 GHz offset from the centre 
frequency ƒ0 is studied. Due to the frequency shift, measured rejection level at 5.94 
GHz is considered. The rejection levels are summarized in Table  3.5. 
 
Table  3.5. Summary of measured and simulated rejection slope of filters 
Rejection at (ƒ0 + 1) GHz (dBc) 
δ 
Simulated Measured 
0̊ 41.9 45.7 
30̊ 52.6 55.6 
50̊ 73.4  68.9 
 
It can be seen that the measured rejection at (ƒ0 + 1) GHz with various δ is consistent 
with that simulated and a steeper rejection is observed for larger values of δ. These 
results verify that the proposed design results in parallel-coupled filters with improved 
rejection in the upper stopband. For a δ offset of 50̊, this design is able to provide an 
additional 23 dB of rejection at (ƒ0 + 1) GHz compared to the convention filter of the 
same order. A 6
th
 order filter using the conventional design would have been required 
to achieve the same rejection level in the upper passband. The modified design has the 




(a) Centre conductor of filter   (b) side view of filter after assembly 
 
 
(c) Photo of completed filters 






































































































































































































































3.6 Application of Proposed Filter 
 
The design of a stripline parallel-coupled filter with improved upper sideband 
rejection slope has been discussed in the previous sections. Such filters are useful in 
applications where there is a need to reject strong spurious at frequencies within the 
upper stopband. 
 
One such application is in transmitter architectures where a base band RF signal is up-
converted to a higher Intermediate Frequency (IF) suitable for transmission using a 
mixer as shown in Figure  3.14. The RF signal is up-converted by a local oscillator 
(LO) frequency. A problem in such architecture is that the image of the IF signal also 
appears in the IF spectrum as illustrated in Figure  3.15. The image signal is often of 
the same power as the desired IF and needs to be sufficiently attenuated before 
transmission. Other spurious such as LO leakage and higher order mixing products are 
also present in the mixer IF output spectrum. In such architectures, a filter with steep 
upper stopband rejection will improve the overall system performance. 
 
 




Figure  3.15 Input and output spectrum of a mixer 
 
We shall illustrate the application of the proposed filter with reference to a 
commercially available microwave mixer and using the filter fabricated in Section  3.5. 
A suitable mixer for the frequency plan illustrated in Figure  3.15 is the Hittite 
HMC219MS8, GaAs MMIC SMT Double–Balanced Mixer, 4.5-9 GHz. The key 
mixer specifications are  [18]: 
 
Table  3.6 HMC219MS8 key specifications 
Conversion loss (IF=5 GHz) 6.3 dB 
LO to IF isolation (LO=13 dBm) 25 dB 
LO±2RF spurious 54 dB below IF:LO-RF 
 
With a 0 dBm RF and 13 dBm LO input, the expected spectrum at IF output of the 
mixer is shown in Figure  3.16. It may be seen that the image of the desired IF is high 




Figure  3.16 Spectrum at IF output of mixer 
 
Passing the IF spectrum through the δ=50̊ filter measured in Section  3.5 rejects the 
image signal sufficiently. The spectrum after filtering is illustrated in Figure  3.17. If 
the conventional stripline filter was used, the image signal would have a power level 
23 dB higher at -53.2 dBm. The LO power level would also be 9 dB higher at -29 
dBm. The various improvements are summarised in Table  3.7. The proposed filter has 
helped in achieving a cleaner output spectrum. 
 
 
Figure  3.17 Mixer IF spectrum after filtering 
 
Table  3.7 Summary of mixer IF spectrum after filtering 
Power level after filter (dBm) 
Frequency 
δ=50̊ filter Conventional filter 
Improvement 
IF (LO-RF) -5.3 -5.3 Nil 
Image (LO+RF) -76.2 -53.2 23 dB 
LO -38.0 -29.0 9 dB 
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In the previous chapter, an improved filter design was presented. If the design were to 
be put into production as a commercial product, several factors will have to be 
considered. Foremost would the sensitivity of the design to variations in fabrication 
like over-etching, under-etching and substrate thickness. Also, packaging of the filter 
will determine its ease of use and its ability to integrate with hybrid microwave 
circuits. In this chapter, a packaged filter using the improved design from  Chapter 3 is 
proposed. The realization of this filter will be discussed and a yield analysis on this 
filter will be performed. 
 
4.2 Packaging of Stripline Filter 
 
It is particularly difficult to integrate stripline components with hybrid microwave 
integrated circuits (MIC) based on microstrip lines. This is because the conductor in a 
stripline component is buried in the middle of a dielectric. With PCB fabrication 
technology, it is possible to have vias carry the signal to an outer microstrip conductor, 
allowing stripline components to be integrated in a hybrid MIC easily. However, care 
must be taken to study and design this transition from stripline to microstrip line to 
maintain a good impedance match over the operating frequency range of the 
component.
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For the stripline filter proposed in  Chapter 3, a design is suggested to package it as a 
surface-mounted device (SMD). 
 
4.2.1 Dielectric Stackup for Commercial Fabrication Process 
 
The experimental filters in  Chapter 3 were designed based on a thick substrate with 
low dielectric constant in order to negate the effects of fabrication tolerances in the 
laboratory. Commercial PCB fabrication tolerances are tighter and have the capability 
to fabricate multi-layered PCBs with the use of bonding layers called prepregs to 
laminate multiple substrates together. 
 
To scale down the dimensions of the filter a little, a substrate with a higher dielectric 
constant (Er) is chosen. The Taconic RF-35A2  [18] substrate with Er of 3.5 and 
TacPreg TPG-35  [18] with matching Er were chosen. Substrates with Er of 10 would 
have allowed us to further reduce the length of our filter but to implement the 
coupling sections, striplines with widths too small to be fabricated would be required. 
Hence, we settle for a substrate with a moderate Er. The chosen stackup is shown in 
Figure  4.1. As the substrates and prepreg has the same Er, the stripline is in a 
homogeneous dielectric. This would simplify 3D EM simulation as there is no need to 
specify a second dielectric. 
 
Note that the stripline implemented is asymmetrical with the centre conductor slightly 




Figure  4.1. Proposed stackup for commercial stripline BPF 
 
4.2.2 Design, Layout and Packaging of Commercial Filter 
 
With the stackup defined in the preceding section, the proposed commercial filter 
filter was designed using the method in  Chapter 2 and  Chapter 3. The initial 
Momentum EM simulation of the filter is shown in Figure  4.2. The filter meets the 
specifications in Table  3.1, offering up to 70 dB of rejection at 1 GHz offset from the 
centre frequency. 
 

































Figure  4.2. Initial EM simulation result of commercial BPF 
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Next the layout of the filter is rotated such that the input and output ports are in line. 
This not only reduces the width of the packaged filter but also allows for straight 
forward routing when placing the filter on a hybrid MIC. 
 
The metallization layers of the filter are shown in Figure  4.3. The filter consists of a 
solid ground plane at the top-most layer, the stripline filter in the middle layer and a 
ground plane which surrounds the 2 input/output pads of the filter. Centre conductor 
to bottom layer vias transits the filter from middle layer to the outer (bottom) layer. 
To terminate any fringing fields, a 20 mil thick strip is added along the edges of the 
filter. After edge-plating, these edges will form a conductive wall which also grounds 
the topmost plane. Figure  4.4 gives a three dimensional view of the commercial BPF. 
The completed filter may be used in hybrid MICs like other SMD devices. The overall 
packaged filter dimension are 2062 mil long by 502 mil wide by 122 mil high (52.4 
mm x 12.8 mm x 3.1 mm). 
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(a) Top ground layer 
 
 
(b) Centre stripline conductor (in yellow) 
 
 
(c) Bottom ground layer 
 
Figure  4.3. Metallization layers of commercial filter 
 
 
(a) Filter showing middle layer showing stripline filter 
 
 




(c) Filter after edge-plating 
 
Figure  4.4 3D views of commercial BPF 
 
A concept to package stripline filters and components has been proposed above. Such 
multi-layered designs should be verified using a 3D EM simulation software. 
 
4.3 Effect of Fabrication Tolerances 
 
When a design is put into production, sensitivity of the parameters to fabrication 
tolerances becomes a major factor in determining the yield. 
 
To study the effects of general PCB fabrication process on this design, yield analysis 
is performed on the design in Section  4.2 based on fabrication tolerances of ±0.3 mil 
(±0.008 mm) as given in Figure  4.5. From the datasheet  [18], the RF-35A substrate 
has a dielectric constant of 3.5±0.05. These tolerances would also be used in the 
analysis. The yield criteria for the BPF are shown Table  4.1. 
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Table  4.1 Specifications for BPF yield analysis 
Centre frequency, F0 5.0 GHz 
Bandwidth 400 MHz (8%) 
Insertion loss 2dB max. 
Rejection at F0-1GHz -30 dBc 
Rejection at F0+1GHz -65 dBc 
In-band return loss -12 dB minimum 
 
Yield analysis is performed using circuit simulation of the filter in Agilent ADS. The 
analysis is performed using circuit simulation and will only include the filter structure. 
The simulation setup is shown in Figure  4.6. For accurate results, the analysis is 
performed over 1000 samples. The design has a good yield of over 80 percent. 
 
The spacing between resonators are small and susceptible to a large variation as a 
result of fabrication tolerances. They determine the coupling coefficient between the 
filter sections and thus the bandwidth of the filter. They also determine the 
characteristic admittance of the J-inverters and affect the overall return loss of the 





Extracted from: http://www.lintek.com.au/process_capabilities.html 




































Chapter 5 Conclusion 
 
In the preceding chapters, the design procedure of conventional stripline parallel-
coupled bandpass filters has been reviewed. The design equations for simplification of 
λ/4 coupled sections have also been discussed and extended to apply for coupling 
sections of arbitrary lengths. 
 
A modified stripline parallel-coupled filter with improved rejection slope has also 
been proposed. This filter has a steeper upper stopband rejection slope compared to 
conventional stripline parallel-coupled filter designs while maintaining the same 
physical length. A set of experimental filters were designed, fabricated and measured 
successfully to verify the proposed design. The application of such filters was also 
illustrated. 
 
Packaging of the stripline filter proposed has also been discussed. The packaging 
method shown allows the stripline filter to be readily integrated onto hybrid 
microwave integrated circuits as a surface mounted device. This method may also be 
used for other similar stripline components. A yield analysis was also performed on a 
filter adopting the proposed design and applying fabrication tolerance of a commercial 
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